a) E-mail: IGUCHI.Ryo@nims.go.jp [Abstract] Transient response of the spin Peltier effect (SPE) in a Pt/yttrium iron garnet junction system has been investigated by means of a lock-in thermoreflectance method. We applied an alternating charge current to the Pt layer to drive SPE through the spin Hall effect, and measured the AC response of the resultant SPE-induced temperature modulation at frequencies ranging from 10 Hz to 1 MHz. We found that the SPE-induced temperature modulation decreases with increasing the frequency when the frequency is >1 kHz. This is a characteristic feature of SPE revealed by the high frequency measurements based on the lock-in thermoreflectance, while previous low frequency measurements showed that the SPE signal is independent of the frequency. We attribute the decrease of the temperature modulation to the length scale of the SPE-induced heat current; by comparing the experimental results with one-dimensional heat conduction calculations, the length scale of SPE is estimated to be 0.94 μm.
Thermoelectric technology has gained attention because it is useful for thermal energy harvesting and management. Recently, a new route for thermoelectric conversion has been opened by using the spin degree of freedom of electrons. 1, 2 The spin-mediated thermoelectric generation phenomena, such as the spin Seebeck effect [3] [4] [5] [6] and anomalous Nernst effect, [7] [8] [9] have been widely studied in the field of spin caloritronics. In addition to the thermoelectric generation, the research for spin-mediated temperature manipulation is becoming active. The representative effects are the spin Peltier effect (SPE) [10] [11] [12] [13] [14] [15] [16] and anomalous Ettingshausen effect (AEE), 17 which are the reciprocal of the spin Seebeck and anomalous Nernst effects, respectively. SPE induces a heat current from a spin current in a magnetic material. In combination with the charge-to-spin current conversion, i.e., the spin Hall effect in a conductor attached to the magnetic material, SPE works as a thermoelectric converter. 10 In a junction comprising the magnetic material and conductor, a charge current Jc applied to the conductor layer induces a transverse spin current with the spin polarization . 18 The spin current is injected into the magnetic layer via the interfacial exchange coupling between electron spins and the thermally-activated magnon dynamics, and propagates from the interface with accompanying the heat current Jq SPE [Fig. 1(a) ]. The symmetry of SPE is described by
where M denotes the magnetization in the magnetic layer and n the normal vector to the junction interface. 10, 12, 19 When ⊥ , SPE satisfies q SPE ∝ c × , which is the same symmetry as AEE, appearing in ferromagnetic conductors [ Fig. 1(b) ]. 17 The transverse thermoelectric conversion based on SPE allows us to heat or cool a large plane with a simple form. SPE has been studied in some different material systems by means of thermocouples, 10, 13 heat-flux sensors, 15 and lock-in thermography (LIT), 11, 12, 14, 16 which clarify the spin/charge current and magnetic field dependences and the spatial distribution of the SPE-induced temperature modulation.
However, the response time of SPE, the time constant of the SPE-induced temperature modulation to reach the steady state, is not experimentally verified yet. The response time is important not only for characterizing and designing SPE-based devices but also for investigating the physical origin of SPE because it is determined by the characteristic length scale of a heat current induced by SPE, which is still under debate. 16, 20, 21 This is in sharp contrast to the AEE case because the AEE-induced heat current Jq AEE uniformly exists in ferromagnets and its length scale is determined by the system dimension. To reveal the transient behavior of SPE, an ultrafast measurement within a timescale of thermal propagation is necessary. Although the conventional approach based on LIT is powerful for measuring SPE, this method cannot be used for ultrafast measurements because of the limitation on framerate of an infrared camera. The direct contact method using thermometers is disturbed by thermal resistance between thermometer and sample and thermal capacitance of thermometers. 13 Therefore, to determine the response time of SPE, a different approach is necessary.
In this letter, we have investigated the transient response of SPE in a Pt/yttrium iron garnet (YIG) junction system by using a thermoreflectance method, where the temperature modulation is measured through the change in the reflectivity of the sample surface. 22 By irradiating the sample with continuous-wave light and detecting fast response of the reflected light intensity, we measured the transient thermal response due to SPE. In a similar manner to the previous studies, 11, 14, 23 we performed the thermal measurement in the frequency domain; reflectivity oscillation synchronized with alternating electric excitation was measured with changing the excitation frequency. This is often called the lock-in thermoreflectance (LITR) method. 24 In the following, we show the validity of the LITR-based SPE detection by systematically performing the charge current and magnetic field dependent measurements. Then, we reveal the transient response of SPE by changing the frequency from 10 Hz to 1 MHz (note that the maximum frequency of the conventional LIT method is ~100 Hz 14 ). Finally, we discuss the length scale of SPE by comparing the obtained frequency responses with model calculations. 1(e)], where Au is typically used for the thermoreflectance measurements around a wavelength of 532 nm. The Au and SiO2 layers were sputter-deposited at room temperature and the Al2O3 layer was grown by the atomic layer deposition method at 200 °C. We checked that the resistance of the Pt layer is not changed after the deposition of the transducer and insulation layers, confirming the good electrical insulation between the Pt and Au layers. denotes the thermoreflectance coefficient 25 and IDC DC intensity of the incident light. We note that the laser light is ellipsoidally polarized but no polarization dependence is observed as our setup comprises non-polarizing optical components only. The in-plane magnetic field H with the magnitude H was applied to the sample across the Pt strip.
As shown in Eq. (1) First, we confirmed the charge current and magnetic field dependences of the LITR signals. Figure 2 The transient response of the SPE signal is different from that of other effects. In Fig. 3(a) , we also show the f dependence of the temperature modulation due to Joule heating (red circles). The decrease for the Joule heating signal is much larger and faster than that for SPE; as demonstrated in the previous study, the significant difference between SPE and Joule heating comes from the difference in the heat source distribution. 11 Importantly, we found that the transient response of the SPE signal is different also from that of the AEE signal, although SPE and AEE are believed to exhibit the similar thermoelectric conversion symmetry in in-plane magnetized conditions. 17 To demonstrate the difference, we measured the f dependence of Aodd for AEE (gray circles) by using the sample in which the Pt/YIG layer is replaced with a 13.3-nm-thick Ni film, where the AEE signal appears in the Ni layer instead of the SPE signal.
As shown in Fig. 3(a) , Aodd for AEE maintains its magnitude over the measurement frequency range, indicating much shorter  than that of SPE for the Pt/YIG system.
The difference of the frequency response between SPE and AEE can be attributed to the difference in the length scale of Jq SPE and Jq AEE when the decoupling between magnon and phonon temperatures can be neglected for SPE.
This assumption is justified at room temperature; the magnon-phonon relaxation time is expected to be in the order of picoseconds, 20,26 and thus does not affect our experimental results, where the time scale is >1 μs. When a uniform heat current propagates in a distance of l in a one-dimensional system,  is given by
, where C, , and  are the heat capacity, thermal conductivity, and density, respectively. Therefore, larger l results in larger . When the timescale corresponding to the lock-in frequency is shorter than the timescale of the observed phenomenon, the LITR signal decreases by reflecting the transient response, providing the information on  and l. In the case of AEE, the uniform Jq AEE exists over the thickness direction and, by using thermal properties for Ni in Table I To quantitatively interpret the experimental data, we analyze the transient response of SPE with an assumption that the magnitude of Jq SPE decays exponentially from the Pt/YIG interface with the characteristic length lq SPE . We note that the heat current generation can be regarded as one-dimensional transport because the Pt strip width is much larger than lq SPE (see also Supplementary Note S1). We solved the one-dimensional heat equation in the multilayer structure [ Fig. 3(c) As demonstrated in this study, the LITR method can be a useful tool for investigating the physics of thermoelectric and thermo-spin conversion phenomena and for evaluating the transient response of spin-caloritronic devices. mT and the μ0|H| dependence was measured at Jc AC =20 mA. In Fig. 2(b Figures S1-S3 ).
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Supplementary Figure S1 : A scanning transmission electron microscopy image of the cross section of the Au/Al2O3/SiO2/Pt/YIG sample on the GGG substrate.
Supplementary Note 1: Position dependence of the spin Peltier effect
To discuss the f dependence of the spin Peltier effect (SPE) signals in the high frequency region quantitatively, we have to exclude a possible artifact coming from the skin effect in the Pt layer, which may make the distribution of the charge current density non-uniform. Therefore, we measured the dependence of the SPE signals on the position of the laser irradiation at various values of f. Figure S2 
where  denotes the density, C the heat capacity,  the thermal conductivity, and the subscript  the layer label. We assume that the SPE-induced heat current with its density along the z direction jq SPE flows across the Pt/YIG junction interface and exponentially decays in the YIG layer, i.e., 
where the constant jq0 denotes the heat current density at the Pt/YIG interface, lq SPE the characteristic length of the SPE-induced heat current, and lYIG the thickness of the YIG layer [ Fig. 3(c) ]. The thermal response of the whole system is calculated by solving Eq. (S1) in each layer and connecting the solutions with the following boundary conditions at the interface of the layers A and B: 
